Dispersion coefficients for the long-range interactions of the first four excited states of He, i.e., He(2 1, 3 S) and He(2 1, 3 P), with the low-lying states of the alkaline earth atoms Mg, Ca, and Sr are calculated by summing over the reduced matrix elements of multipole transition operators.
I. INTRODUCTION
The collisional deexcitation and Penning ionization processes have been an interesting topic for a long time, because they are of great importance in both fundamental and applied sciences. For example, the excitation-transfer collisions between metastable He atoms and Ne atoms underly the operation of the helium-neon gas laser. 1 Furthermore, metastable atom electron spectroscopy is a powerful technique widely used to study the electronic characteristics of various surfaces and interfaces. [2] [3] [4] [5] [6] The basic principles of this technique are that a slow, long-lived, rare gas metastable atom is introduced onto a surface of condensed matter, where most of its excitation energy is used to eject electrons from the surface, and that the resultant spectrum of ejected electrons describes the electronic state of the surface.
In fundamental science, a large amount of experimental and theoretical work has been done to study the interactions of excited rare gas atoms with atomic and molecular targets and the collision characteristics of the corresponding processes. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The excited rare gas atoms can be metastable atoms, optically allowed excited atoms, 16 or even highly excited Rydberg atoms. [17] [18] [19] [20] Most Penning ionization experiments involved the long-lived metastable species He(2 3 S) and He(2 1 S), since the excitation energies E(2 3 S) = 19.8 eV and E(2 1 S) = 20.6 eV are larger than the lowest ionization energies of almost all atoms and molecules except for He and Ne. For the calculations, reliable model potentials are important as they directly impact on the accuracy of estimated collision characteristics such as the total ionization cross sections and their collisional-energy dependence. For the case of the deexcitation of optically allowed excited atoms such as He ( the long-range parts of the potentials are much stronger than for the case of the deexcitation of metastable atoms. The longrange interaction between the involved atoms or molecules determines the rate coefficient for close collisions so that it has an important influence on the rate coefficient for Penning ionization. 9, 10 In this work, we compute the dispersion coefficients for long-range interactions of the first four excited states of He, i.e., He(2 1, 3 S) and He(2 1, 3 P), with the low-lying states of the alkaline earth atoms Mg, Ca, and Sr by the sum over the reduced matrix elements of multipole transition operators. [21] [22] [23] For the symmetries of diatomic molecules, we adopt the notations of Ref. 23 . Atomic units are used throughout.
II. CALCULATION OF DISPERSION COEFFICIENTS
The long-range interaction between two atoms is treated as a perturbation to the isolated atoms. For a system A-B involving one S-symmetry atom (say A), for example, the zeroorder wavefunction is simply a product of two atomic wave functions
where L B represents the orbital angular momentum quantum number of atom B, M B is its corresponding magnetic quantum number, r A = {r 1 , . . . , r N A } denotes a set of coordinates of electrons in atom A, and ξ B = {ξ 1 , . . . , ξ N B } has the analogous meaning for atom B.
According to the non-degenerate perturbation theory, for the above-mentioned system, the first-order correction to the energy vanishes and the second-order correction can be written in the form where C n are the dispersion coefficients and R is the interatomic distance. The coefficients C n can be calculated by summing over the reduced matrix elements of multipole transition operators. For the simplest case where L B = M B = 0, for example, C 6 can be represented in the form
where C 1 (r i ) and C 1 (ξ j ) are the spherical tensors of rank 1, ψ n A and ψ n B are the n A th and n B th intermediate eigenfunctions for atom A and atom B, respectively, and E n A and E n B are their corresponding eigenenergies.
For two P-symmetry atoms, there are one molecular state, two states and three states, according to the projection of the total angular momentum along the internuclear axis. The first-order correction to the energy can be expressed in the form −C 5 /R 5 , where C 5 is the first-order interaction coefficient. For details on the calculation of dispersion coefficients for two different atoms in arbitrary atomic states, the reader is referred to the comprehensive paper Ref. 23 .
III. REPRESENTATION OF ATOMIC STRUCTURE

A. Transition spectra of helium atoms
For a He atom, the energy spectra and reduced matrix elements of the multipole transition operators are the same as those used for calculating the dispersion coefficients for the low-lying states. [24] [25] [26] [27] [28] The wavefunction can be expanded in terms of the Hylleraas-type basis functions
where Y LM 1 2 (r 1 ,r 2 ) is the coupled spherical harmonic forming a common eigenstate of L 2 and L z . Except for some truncations made to avoid near linear dependence, all terms with i + j + k ≤ are included, where is an integer. The nonlinear parameters α and β are variationally optimized by the power method.
B. Transition spectra of alkaline earth atoms
The reduced matrix elements of the transition operators and energy spectra for the alkaline earth atoms have been used to calculate the dispersion coefficients for the low-lying states of Mg, Ca, and Sr atoms. [29] [30] [31] Details on calculations of atomic spectra of alkaline earth atoms may be found in Refs. [29] [30] [31] [32] [33] [34] [35] [36] . Accordingly, only a brief description is presented here. The spectra of the valence electrons have been generated by the configuration-interaction plus corepolarization (CICP) method with large mixed Laguerre-type and Slater-type orbital basis sets. 32, 33, 35 Moreover, the core effects on the valence electrons have been represented by semiempirical polarization potentials in which the cutoff parameters have been obtained by reproducing the experimental energies of the low-lying states of positive ions of the alkaline earth atoms.
For Sr atoms, the calculated energies of the singlet states 5s 2 1 S, 5s5p 1 P, 5s6s 1 S, and 5s4d 1 D were replaced with the corresponding experimental values, whereas the energies of the triplet states 5s5p 3 P, 5s6s 3 S, and 5s4d 3 D were changed to the J-weighted experimental values, see Table I in Ref. 31 . In addition, the reduced matrix element for the 5s 2 1 S-5s5p 1 P resonance transition, namely 5.309 a 0 , was changed to the experimental value 5.249 a 0 obtained from the photoassociation experiment. 37, 38 This matrix element list will be termed the empirically adjusted set and is used for the calculations of the C n coefficients reported here.
IV. RESULTS AND DISCUSSION
For the He atom, the sufficient completeness of Hylleraas-type basis sets and the accuracy of reduced matrix elements of multipole transition operators have been well demonstrated by the accurate dispersion coefficients calculated for different combinations of low-lying states. [24] [25] [26] [27] Hence, the uncertainties of the dispersion coefficients reported in our paper are mainly determined by the completeness of the basis sets and the effectiveness of the model Hamiltonians for the alkaline earth atoms. The uncertainties of the present calculations can be estimated from the uncertainties of the dispersion coefficients for interactions of the alkaline earth atoms with the ground states of H and He. [29] [30] [31] Generally, the long-range interactions of He(2 1 S) with other atoms are stronger than the long-range interactions of He(2 3 S) with the same atoms for the same molecular symmetry, because the polarizabilities of He(2 1 S) are larger than the polarizabilities of He(2 3 S). This rule does not always hold for He(2 1 P) and He(2 3 P), due to the complexity of the interactions with atoms of nonzero angular momentum. Mg(3s 2 1 S) and Ca(4s 2 1 S), the uncertainties in C 6 are about 2% and the uncertainties in C 8 and C 10 slightly larger. For systems involving Sr, the uncertainties are larger than those involving Mg and Ca.
We also list in Table I the values of C 6 and C 8 which have been used by Ruf et al. to study Penning ionization collisions of state-selected metastable He(2 1, 3 S) atoms with the ground state alkaline earth atoms Mg, Ca, Sr, and Ba. 39 Ruf et al. 39 have calculated the coefficients C 6 for the systems He(2 1, 3 S)-Ca(4s 2 1 S) with the so-called configuration interaction plus core self consistent field method (CISCF), which is similar to the CICP. Our C 6 values for these two systems are in agreement with those obtained by Ruf et al. 39 within 0.5%. Their estimated uncertainty (2%) is also consistent with our calculations. Ruf et al. 39 have estimated the coefficients C 8 for the above two systems by fitting their experimental parameters. Their C 8 for the He(2 1 S)-Ca(4s 2 1 S) interaction is about 2% smaller than our value, while their C 8 for the He(2 3 S)-Ca(4s 2 1 S) interaction is about 46% larger than our result. The causes for this large difference are unknown. When studying the Penning ionization involving the systems He(2 1, 3 S)-X (X=Mg, Sr, and Ba), Ruf et al. 39 have used the coefficients C 6 determined from the atomic static dipole polarizabilities [7] in the Slater-Kirkwood approximation (SKA). 40 From Table I , it is noted that the SKA results are 10%-37% larger than our values, which should be more accurate. Accurate dispersion coefficients, especially C 6 , are essential to precisely determine the close collision cross sections and ionizaion cross sections at low collision energies. 
, is larger than the positive contribution of 1.503 × 10 6 a.u. of all other transition pairs. For heteronuclear molecular states, comprised of two 1, 3 P atoms, due to the symmetries of the zero-order wave functions, C 5 is always negative for and the second + TABLE VII. Dispersion coefficients for the interaction of He(2 3 P) with Ca(4s 4p 1 P) and Sr(5s 5p 1 P). The numbers in square brackets denote powers of ten. 5s 5p 3 P) . The numbers in square brackets denote powers of ten. [8] symmetries; C 5 for the first symmetry is always positive and for the second and other two symmetries it is exactly zero, as presented in Tables V-VIII. Details about the symmetries of the zero-order wave functions were presented in Ref. 23 .
Generally speaking, the uncertainties in the dispersion coefficients for the excited states of the alkaline earth atoms are larger than those for the ground states, since the CICP energy differences between the excited states are more susceptible to individual errors in the excited state energies than energy differences involving the ground state. 3 4.321 [6] 4.453 [7] 6.566 [9] CaHe(2 1 P) 3 1. Therefore, the present set of dispersion coefficients will be highly valuable in ab initio calculations of potential curves. The main limitation of the present calculations is the absence of spin-orbit interaction, which can affect the atomic properties that are sensitive to a small difference in transition energies. 
